The HLA class II-associated invariant chain (Ii)-derived peptide (CLIP) occupies the peptide binding groove during assembly in the endoplasmic reticulum, travels with HLA class II to endosomal compartments, and is subsequently released to allow binding of antigenic peptides. We investigated whether the exchange of CLIP with a known T helper epitope at the DNA level would lead to efficient loading of this helper epitope onto HLA class II. For this purpose, a versatile Ii-encoding expression vector was created in which CLIP can be replaced with a helper epitope of choice. Upon supertransfection of HLA-DR1-transfected 293 cells with an Ii vector encoding a known T helper epitope (HA307-319), predominantly length variants of this epitope were detected in association with the HLA-DR1 molecules of these cells. Moreover, this transfectant was efficiently recognized by a peptidespecific T helper clone (HA1.7). The results suggest that this type of Ii vector can be used to create potent class II ؉ cellular vaccines in which defined T cell epitopes are continuously synthesized.
T cells require short peptides presented in the context of HLA molecules for activation through the T cell receptor. Both HLA class II-restricted T helper cells and HLA class I-restricted cytotoxic T cells are important for the induction and maintenance of immune responses. To this purpose, professional antigen-presenting cells have the capacity to process antigens and present the resulting peptides in association with either HLA class I or HLA class II molecules (1, 2) .
The efficient assembly of antigenic HLA class II͞peptide complexes requires the presence of a molecular chaperone called the invariant chain (Ii, for review, see ref.
3). In the endoplasmic reticulum, the Ii associates with HLA class II, mainly through aa 81-104 of Ii, termed CLIP (4). This CLIP peptide, which is bound in the class II peptide binding groove, prevents loading of endoplasmic reticulum-resident peptides onto class II (5) . Furthermore, signal sequences in the cytosolic tail of the Ii target the nonameric (␣␤Ii) 3 complex to endosomal peptide-loading compartments (6) , where the Ii is subsequently proteolyzed. As CLIP is bound in the HLA peptide binding groove, it is protected from proteolysis.
The nonclassical HLA molecule, HLA-DM (7) (8) (9) , and the low pH in these compartments (10) promote the dissociation of CLIP, allowing endosomally located peptides to bind the HLA class II peptide binding groove. The resultant HLA͞ peptide complexes are transported to the cell surface, allowing detection by T helper cells. In contrast to CLIP, several T helper epitopes have been shown to remain unaffected by the presence of HLA-DM at endosomal pH (7) (8) (9) 11) . For instance, the influenza virus hemagglutinin (HA) 307-319 peptide (HA307-319) is not released from HLA-DR1 by affinitypurified DM (7, 11) .
Peptide binding (12) , as well as x-ray crystallography studies (13, 14) , have demonstrated that CLIP binds to HLA class II in a fashion similar to well-described T helper epitopes. The main anchoring residues of CLIP bind in the HLA-DR peptide binding groove in pockets at relative positions P1 and P9, which are also used for the binding of helper peptides (12) (13) (14) . In addition, both CLIP and the HA307-319 peptide form a nearly identical network of hydrogen bonds to conserved class II residues (13, 14) . Given these similarities, the genetic exchange of CLIP for a T helper epitope might result in homogeneous loading of this epitope onto class II, which could be used to generate cells that constitutively synthesize and express immunogenic class II͞peptide complexes.
To this end, HLA-DR1(HLA-DRA͞DRB*0101)-transfected 293 cells were supertransfected with a Ii vector in which the CLIP sequence had been replaced by a sequence encoding the antigenic core of a known T helper epitope. This model peptide (HA307-319) is the immunodominant epitope of the influenza virus in HLA-DR1 ϩ individuals (15) . We find that this versatile invariant chain vector can be used to ensure the continuous, functional, and high density expression of this T helper epitope on DR1 positive cells.
MATERIALS AND METHODS
Cell Lines. The T helper clone HA1.7, which is HLA-DR1 (HLA-DRA͞DRB*0101) restricted and HA307-319 specific, was a generous gift of J. Lamb (15) . The HLA-DR1-transfected human embryonic kidney 293 cell line (16) was a generous gift of J. Neefjes (Nederlands Kanker Instituut, Amsterdam). The HLA-DR1-homozygous Epstein-Barr virus (EBV)-transformed B cell line SA and the 293 transfectants were grown in Iscove's medium supplemented with 8% fetal calf serum (FCS). The medium for the HLA-DR1 ϩ 293 cells contained 250 g͞ml G418͞neomycin, while the medium for the invariant chain supertransfected cells was supplemented with 150 g͞ml hygromycin. The HLA-DR-specific hybridoma B8.11.2 (17) was grown in protein free medium. Hybridoma supernatant was concentrated by dialysis and the antibodies were purified using a protein A column before use.
Plasmid DNA Constructs. A cDNA coding for human p31͞p33 Ii (a kind gift of J. Neefjes, ref. 18 ) was used to generate a cassette vector in which the CLIP-encoding sequence can be replaced with other sequences. The region upstream of CLIP was amplified by PCR using primers 5Ј-ACATTGGATCCTCCTTGGGGAGTGATGCAC-3Ј and 5Ј-CT TGGA AT TCCT TCGA A ACAGGCT TGGGAG-GCTTGGGAAG-3Ј, the downstream region was amplified with primers 5Ј-GAAGGAATTCCAAGCGCTGCCCAThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
TGGGAGCCCT-3Ј and 5Ј-CAGGATCTCGAGGACCGCC-TCTGCTGCTCT-3Ј. The products of these PCRs were blunted and phosphorylated, and subsequently ligated into the pIc20H vector. The correct sequence of the inserts of both constructs was confirmed through DNA sequencing. From these constructs the upstream region was isolated as a BamHI͞ EcoRI fragment, whereas the downstream region was isolated as an EcoRI͞XhoI fragment. Both fragments were simultaneously ligated into pcDNAI͞Amp, which had been cut with BamHI and XhoI. The resulting gene construct encodes a modified Ii, which carries unique SfuI and Eco47III cloning sites instead of the CLIP peptide encoding sequence. Into these sites double-stranded oligonucleotides, with sequences encoding the peptide of choice, were cloned. The sequences of these oligonucleotides were as follows: HA, 5ЈCGAAGTAT-GTCA AGCA A A ACACCCTGA A ACTACA AGC-3Ј͞5Ј-
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; CLIP, 5Ј-CGA AGATGCGCATGGCCAC-CCCGCTGCTGATGCA AGC-3Ј͞5Ј-GCT TGCATCAG-CAGCGGGGTGGCCATGCGCATCTT-3Ј; Mycobacterium tuberculosis HSP, 5Ј-CGAAGATTGCATACGACGAA-GAGGCTCGACGTCA AGC-3Ј͞5Ј-GCT TGACGTCGA-GCCTCTTCGTCGTATGCAATCTT-3Ј. Again, the inserts were checked by DNA sequencing. The resulting plasmids were termed pHA, pCLIP, and pHSP, respectively.
Transfections. Supertransfection of HLA-DR1ϩ 293 cells was performed as described (19) . Briefly, 100,000 HLA-DR1-transfected 293 cells were seeded in 5-cm dishes the day before supertransfection. For supertransfection, 9 g pHA, pCLIP, or pHSP, together with 1 g hygromycin-resistance plasmid pTk hygro (20) (per dish) was precipitated with CaCl 2 . The precipitate was added to the cells. After 4 hr of incubation at 37°C and 5% CO 2 ͞95% air, the cells were shocked for 1.5 hr with 100% dimethyl sulfoxide. Hygromycin was added the next day at a final concentration of 150 g͞ml. Within 3 weeks, individual colonies were picked and expanded. Invariant chain positive transfectants were identified by intracellular fluorescence-activated cell sorter (FACS; Becton Dickinson) staining.
FACS Analysis. For intracellular staining, cells were fixed in 4% paraformaldehyde for 5 min and then washed twice with PBS͞10% FCS. The cells were then incubated with a 1,000-fold dilution of anti-Ii antibody Bu45 (Serotec) in PBS͞10% FCS containing 0.2% Triton X-100 for 30 min at room temperature. They were then washed twice with PBS͞10% FCS. Incubation with fluorescein isothiocyanate FITC-labeled goat anti-mouse IgG took place for another 30 min at room temperature. The cells were washed again and analyzed on a Becton Dickinson FACScan apparatus, using the LYSISII software. For cell surface labeling, the Triton X-100 was omitted from the protocol.
Peptide Elution. Peptide elution was performed as described (21) . Briefly, 250*10 6 cells were lysed in 0.5% Nonidet P-40. The lysate was precleared with Sepharose CL-4B beads (Pharmacia). HLA-DR molecules were precipitated from the precleared lysate with MoAb B8.11.2 coupled to CNBr-activated Sepharose CL-4B beads. These beads were then washed extensively, before elution with 10% acetic acid. Subsequently, the peptides were separated from the HLA-DR ␣ and HLA-DR ␤ chains using Amicon filters with a cut-off value of 10 kDa. The peptide-containing low molecular weight fraction was concentrated by lyophilization. This material was fractionated by reverse-phase HPLC on a C 2 C 18 SC2.1͞10 SMART column (Pharmacia). HPLC fractions were analyzed by mass spectrometry on a LASERMAT (Finnigan-MAT, San Jose, CA), and were subjected to Edman degradation on a HewlettPackard G1005A sequencer.
Proliferation Assays. T cells (20,000) were added to each well of a 96-well plate containing mitomycin C-treated (SigmaAldrich) stimulator cells (800, unless indicated otherwise), which had been pre-incubated with peptide for 3 hr when indicated
on day 3. After overnight incubation, thymidine incorporation was measured. Peptides were synthesized by standard 9-fluorenylmethoxycarbonyl chemistry on a multiple peptide synthesizer (AMS 422, Abimed Analyes-Technik, Langenfeld, Germany). Their identity was confirmed by mass spectrometry.
RESULTS AND DISCUSSION
Generation of Ii Vectors. An invariant chain (Ii) vector was created in which the core CLIP sequence KMRMAT-PLLMQA can be exchanged with a sequence of choice (Fig. 1) . For this purpose, a CLIP-cassette that is flanked by unique restriction sites was generated by site-directed mutagenesis (see Materials and Methods). To prevent improper folding of the recombinant Ii, we limited the modification to the sequence spanning the peptide binding groove, beginning in the P1 pocket and ending in the P9 pocket (MRMATPLLM). As a model epitope, the core of the influenza virus HA epitope HA307-319 (YVKQNTLKL) was chosen (vector pHA). Control vectors (Fig. 1 ) contained wild-type (wt) CLIP (pCLIP) and the HLA-DR3 (HLA-DRA͞DRB*0301)-restricted Mycobacterium tuberculosis HSP5-13 epitope (pHSP).
FACS Analysis. After supertransfection of HLA-DR1 ϩ 293 cells with either the vector encoding the core of the HA peptide (pHA), pCLIP, or pHSP, single colonies were picked and expanded. Transfectants were subsequently screened for invariant chain and HLA-DR-expression by FACS analysis. Transfectants 293-pHA, 293-pHSP, and 293-pCLIP expressed high levels of Ii, whereas the control transfectant 293-Tk which had been transfected with the hygromycin resistance plasmid only, was negative for intracellular Ii (Fig. 2) . All cell types were positive for HLA-DR on the cell surface (Fig. 2) .
Peptide Elution of the pHA Transfectant. To investigate the efficiency of peptide loading in these transfectants, peptides were eluted from immunoprecipitated HLA-DR molecules from the 293-pHA transfectant. The peptide fraction was subsequently separated by reverse-phase HPLC. The absorption profile at 214 nm showed several distinct peaks (Fig. 3) . The corresponding fractions were analyzed by mass spectrometry and sequenced by Edman degradation. The five largest peaks all contained length variants of the vector-encoded FIG. 1. Invariant chain constructs. The cassette-containing Ii was cloned into the BamHI͞XhoI-digested pcDNAI͞amp vector. The cassette is flanked by unique restriction sites SfuI͞Eco47III. One-letter codes for the amino acids are given in boldface type. Inserts CLIP, HA, and HSP were generated by annealing the encoding oligonucleotides. Inserts were ligated into the SfuI͞Eco47III-digested cassette plasmid, resulting in plasmids pCLIP (wt p31͞33 Ii), pHA, and pHSP.
peptide HA-CLIP (Table 1) . Two minor peaks were shown to contain nonvector-encoded peptides. As a control, the peptides identified in fractions 50, 80, and 87 were synthesized and shown to coelute with the original material upon reverse-phase HPLC separation (data not shown).
In conclusion, a large proportion of the HLA-DR molecules on the transfectant 293-pHA is filled with length variants of the vector-encoded HA-CLIP peptide (Table 1) , demonstrating a high efficiency of peptide loading by this Ii vector. These length variants are identical to naturally occurring CLIP peptides in HLA-DR1 (22) , which suggests that processing of Ii variants occurs similarly to the degradation of wt Ii.
Functional Analysis of the Transfectant. The transfectant 293-pHA was tested for its capacity to stimulate T cell clone HA1.7. This T helper clone recognizes HA307-319 in the context of HLA-DR1. For comparison, control transfectants 293-Tk, 293-pCLIP, and 293-pHSP, as well as the HLA-DR1-homozygous EBV-transformed B cell line SA, were also tested (Fig. 4A ). When loaded with 1 g͞ml of the 24-mer HA-CLIP peptide (LPKPPKPVSKYVKQNTLKLQALPM), all cell types stimulated the proliferation of HA1.7 equally well. In contrast, in the absence of peptide, only 293-pHA was able to stimulate T helper clone HA1.7.
To investigate the efficiency of the interaction between a peptide-reactive T helper cell and this type of transfectant, two types of experiments were performed. In the first experiment, peptide HA-CLIP was titrated from 10 g͞ml to 100 pg͞ml, and added to various stimulator cells (Fig. 4B) . The response of HA1.7 to 293-pHA could not be increased by the addition of extra peptide. In all cases, the response to 293-pHA was at least as high as the response to peptide-loaded stimulator cells. Therefore, supertransfection of the HLA-DR1 ϩ 293 cells with Ii vector pHA results in optimal presentation of the vectorencoded T helper epitope on the cell surface.
In the second type of experiment, stimulator cells, either peptide-pulsed or not, were titrated from 25.000 to 32 cells per well, and tested for stimulation of T cell clone HA1.7. Transfectant 293-pHA was compared with the EBV-transformed B cell line SA and the control transfectant 293-Tk, which were pulsed with 10 or 500 g͞ml HA-CLIP peptide for 3 hr. Only 160 293-pHA cells were needed to induce T cell proliferation, whereas approximately 10-fold more peptide-pulsed cells were necessary to induce a similar proliferative response. Taken together, these data show that the 293-pHA transfectant is a specific and efficient stimulator of T helper clone HA1.7.
These results show that, in a HLA-DM and Ii-negative cell line, a CLIP substitute-containing vector can be used to efficiently load a specific peptide onto HLA class II for presentation to T cells. Since it has been shown that HLA-DM is unable to enhance the dissociation of T helper epitope HA307-319 from HLA-DR1 or the dissociation of HSP3-13 from HLA-DR3 at endosomal pH (11) , it is likely that in HLA-DM-positive cells the CLIP substitute-containing vector can be used to load T helper peptides of choice with similar efficiency. However, there will be an inverse correlation between the sensitivity of the chosen peptide to HLA-DMmediated dissociation and the loading efficiency. In the presence of wt Ii, the efficiency of peptide loading will depend on the expression level of the recombinant Ii. The expression level of recombinant Ii that was reached in this set of experiments was as high as the endogenous expression of wt Ii in an EBV-transformed B cell line (Fig. 2) . Thus, competition for binding to class II molecules between the wt Ii and the transfected recombinant Ii can be expected and is likely to result in reasonable loading of the helper peptide of choice in Ii positive cells as well.
Efficient and stable steady-state loading of HLA class II with peptides of choice may be a useful tool for the develop- 
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Masses were determined by mass spectrometry and sequences by Edman degradation. The combination of mass and N-terminal sequence allowed completion of the sequences. In fraction 100, no mass was detected (ND, none detected), but a vimentin-derived peptide, starting at residue 423, could be partially sequenced. Neither mass nor sequence was found in fraction 114, although the presence of peptide material could be established by Edman degradation. ment of effective cellular vaccines. Exogenous loading of synthetic peptides onto HLA class II results in antigenic complexes with a limited life span, which may be antigenically distinct from those generated by intracellular processing (23) . Fusion genes using the Ii-or LAMP-1 sorting signals have been used to target protein antigen to the class II processing pathway (24, 25) , but this does not result in the homogeneous loading of T helper epitopes as obtained by replacement of CLIP. An alternative approach has been to place the peptide at the C terminus of Ii behind a cathepsin D cleavage site (26) , which results in efficient generation of the epitope of choice in the major histocompatibility complex class II compartment. To achieve homogeneous loading of a peptide onto class II, others have used constructs in which the peptide was covalently linked to class II by a flexible linker (27) . In contrast, our approach makes use of the natural assembly pathway for class II͞Ii complexes to obtain homogeneous loading of T helper epitopes on DR positive cells. It will be of interest to investigate if such cells can be used to modulate immune responses in vitro and in vivo. This will be the subject of further studies.
